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Abstract. Apurinic/apyrimidinic endonuclease 1 (APE1) is a 
primary nuclear‑localized multifunctional protein in osteo-
sarcoma. However, the cytoplasmic localization of APE1 was 
found to be functional and to increase with cisplatin resistance, 
yet the molecular mechanism is unknown. In the present study, 
we explored the cisplatin resistance mechanism in osteosar-
coma from the new perspective of APE1 extranuclear biological 
activity. Using cisplatin‑resistant and cisplatin‑sensitive 
osteosarcoma cell lines, we found that mitochondrial APE1 
(mtAPE1) was overexpressed in cisplatin‑resistant cells but 
not in sensitive cells. Overexpression of mtAPE1 reduced 
cisplatin‑induced apoptosis, while knockdown of APE1 
reversed this phenomenon and caused oxidative DNA damage 
via overproduction of reactive oxygen species (ROS). We 
further demonstrated that high mtAPE1 expression could 
downregulate ROS production by decreasing the phosphoryla-
tion of Rac1 (p‑Rac1), further promoting cisplatin resistance in 
osteosarcoma. Our findings suggest that mitochondrial APE1 
promotes cisplatin resistance by decreasing ROS generation, 
which may provide new ideas for researching the molecular 
mechanism of osteosarcoma chemoresistance and strategies to 
overcome cisplatin resistance in osteosarcoma.

Introduction

Osteosarcoma is a frequent primary cancer of bone in adoles-
cents (1), and neoadjuvant chemotherapy followed by surgery 
has led to a 60‑70% 5‑year survival rate. However, the survival 
rate has not further improved over the last two decades (2), 
mainly due to the resistance of patients to chemotherapy. 

Cisplatin is broadly used for osteosarcoma chemotherapy, and 
cisplatin resistance is common in osteosarcoma patients (3,4). 
In addition to crosslinking with nuclear DNA (nDNA) and thus 
inducing genomic DNA damage, cisplatin also cytotoxically 
results in tumor cell apoptosis via the production of ROS (5). 
In fact, a previous study showed that inhibition of ROS produc-
tion could block the antitumor effect of chemotherapeutic 
drugs  (6). Apurinic/apyrimidinic endonuclease 1 (APE1) 
is involved in the toxic effects of many chemotherapeutic 
agents (7,8), and extranuclear APE1 plays a role in the ROS 
regulation of apoptosis and responses to oxidative stress (9‑11). 
Thus, this strategy may become another promising research 
direction for overcoming chemotherapy resistance.

As a multifunctional protein, APE1 has both DNA repair 
and redox functions in mammals and is involved in oxidative 
stress, ROS regulation, and tumorigenesis (12‑16). APE1 is 
primarily localized in the nucleus, but nuclear/cytoplasmic 
coexpression patterns are common in various tumors, and 
markedly high cytoplasmic APE1 expression is associ-
ated with poor prognosis (17‑19). In a previous study, APE1 
cytoplasmic transport from the nucleus was observed after 
cisplatin treatment in osteosarcoma cells, and cytoplasmic 
APE1 expression was increased in cases of cisplatin resistance 
and poor prognosis. This subcellular alteration may contribute 
to the protection of cells and reduction in the extent of mito-
chondrial DNA (mtDNA) damage. We further confirmed 
that APE1 exhibited mitochondrial‑targeted localization 
(MTS) within residues 289‑318 in its C terminus by analyzing 
truncated subcellular‑targeted APE1 constructs (20). We also 
found that APE1 mitochondrial transport inhibited cell apop-
tosis after ROS stimulation in lung cancer (21). These findings 
suggest that APE1 in mitochondria is significant and worth 
studying; however, little is known about the specific role of 
mitochondrial‑localized APE1.

The main sources of cellular ROS are mitochondria and 
NADPH oxidases (6). APE1 in mitochondria could regulate 
genes encoding the mitochondrial electron transport chain 
(ETC) and further suppress apoptosis; furthermore, the ETC 
is the main source of ROS in mitochondria (22). Another study 
indicated that cytoplasmic APE1 could suppress intracellular 
ROS production in endothelial cells through modulation 
of Rac1‑regulated NADPH oxidase  (10). Altogether, these 
data suggest that cytoplasmic APE1 and osteosarcoma 
chemotherapy resistance are closely related and that APE1 
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in mitochondria may play an essential role. Therefore, we 
hypothesized that the high mitochondrial expression of APE1 
downregulates ROS levels and further promotes cisplatin 
resistance in osteosarcoma.

In this study, we tested the hypothesis that high mtAPE1 
expression could protect cells from cisplatin‑induced apoptosis. 
Our results showed that APE1 translocated from the nucleus to 
the mitochondria in cisplatin‑resistant osteosarcoma cell lines. 
In addition, overexpression of mtAPE1 enhanced the survival 
of cells after cisplatin treatment by decreasing ROS produc-
tion via p‑Rac1. In contrast, apoptosis, overproduction of ROS 
and DNA damage were observed in APE1‑deficient cells. Our 
findings suggest that targeting APE1 could ameliorate the 
response of cisplatin‑resistant cells to cisplatin treatment via 
overproduction of ROS, which may provide a new strategy to 
overcome cisplatin resistance in osteosarcoma.

Materials and methods

Human osteosarcoma tissues. A total of 7 osteosarcoma tissues 
were obtained from patients with osteosarcoma at Daping 
Hospital (Chongqing, China). The 7 patients included 3 males 
and 4 females, aged 9‑52 years with an average age of 31 years. 
The tumor tissue was collected between November  2016 
and December 2018. We evaluated the therapeutic effect of 
platinum drugs and divided patients into: i) complete response 
(CR): All target lesions completely disappeared and was main-
tained for at least 4 weeks; ii) partial response (PR): The sum 
of the maximum diameter of the baseline lesions was reduced 
by more than 30%, and it was maintained for at least 4 weeks; 
and iii) progressive disease (PD): The sum of the maximum 
diameter of the baseline lesions was increased by more than 
20% or new lesions appeared. Our study was performed with 
the approval of the Ethics Committee of Daping Hospital 
(Chongqing, China), and informed consent was obtained from 
each patient.

Cell lines and cell culture. The human osteosarcoma lines 
U2OS, SAOS2, MG‑63 and HOS were purchased from the 
American Type Culture Collection (Manassas, VA, USA), 
and U2OS(R) was donated by Professor Xi Wei (Cancer 
Hospital, Tianjin, China). 9901 and 9607 cells were donated by 
Profressor Qingyu Fan (Fourth Military Medical University, 
Xian, China). All the cells were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM; Invitrogen; Thermo Fisher 
Scientific, Inc.) containing 10% (v/v) fetal bovine serum (FBS; 
Invitrogen; Thermo Fisher Scientific, Inc.) and 1% (v/v) peni-
cillin/streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.) 
at 37˚C and 5% CO2.

Transfection. A full‑length deleted APE1 expression vector 
(shRNA‑APE1) and mitochondrial‑targeted truncated APE1 
(C‑terminal sequence including residues 289‑318; mtAPE1) 
lentivirus were purchased from Genechem Corporation. For 
shRNA‑APE1, we performed two different sequence interfer-
ences, and we chose the one that was mose effective. The chosen 
vector shAPE1 carrying the human APE1 siRNA sequence, 
was designed and validated as in previous studies (23‑26). The 
chosen sequences are antisense (5'‑GUC​UGG​UAC​GAC​UGG​
AGU​ACC‑3', 5'‑UAC​UCC​AGU​CGU​ACC​AGA​CCU‑3') and 

nonsense (5'‑CCA​UGA​GGU​CAG​CAU​GGU​CUG‑3', 5'‑GAC​
CAU​GCU​GAC​CUC​AUG​GAA‑3'). Cells were incubated with 
shRNA‑APE1 or mtAPE1 transfection complexes at 30% 
confluence for 48‑72 h and then treated with 3 µg/ml puro-
mycin (Invitrogen; Thermo Fisher Scientific, Inc.). After 48 h, 
cells were harvested for subsequent experiments.

Cell viability assay. Cells were seeded in a 96‑well plate at 
4x103 cells/well and incubated in 5% CO2 at 37˚C overnight. 
Then, the cells were treated with the indicated concentration 
of cisplatin and incubated for 48 h. DMEM supplemented with 
10% (v/v) CCK‑8 (C0121; Beyotime Institute of Biotechnology) 
reagent was added to each well after cisplatin treatment, 
followed by another 2 h of incubation, and the optical density 
(OD) was then measured at 450 nm and analyzed with SPSS 
software 20.0 (IBM Corp.).

Immunofluorescence. Cells were seeded on a slide at 40% 
confluence/well in a 6‑well plate. After washing twice, 
250 nM MitoTracker Red CMXRos probe (Molecular Probe) 
was added and incubated for another 30 min at 37˚C. Cells 
were fixed with 4% paraformaldehyde (w/v) in PBS for 30 min 
at room temperature (RT), and 0.25% Triton (v/v) PBS was 
added and incubated at 37˚C for 30 min. The samples were 
cultured in anti‑APE1 (mouse monoclonal, cat. no. 17774, dilu-
tion 1:500; Santa Cruz Biotechnology, Inc) at 4˚C overnight. 
After washing, the cells were incubated with a secondary 
antibody conjugated to fluorescein isothiocyanate (FITC) 
(dilution 1:400, cat. no. 11426320001; Roche) or DyLight 405 
(dilution 1:400, cat. no. A23120; Abbkine) at 37˚C for 1 h. 
Then, the cells were stained with or without DAPI nuclear 
probe (dilution 1:400, cat. no. 10236276001; Roche) at RT for 
2 min. After drying and fixation, the samples were visualized 
with fluorescence microscope.

Western blot analysis. Nuclear, cytoplasmic, and mitochon-
drial proteins were isolated from osteosarcoma cells using 
nuclear and cytoplasmic protein extraction kits (P0028, 
Beyotime Institute of Biotechnology) and mitochondria 
isolation kits (89874, Pierce Biotechnology; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
Proteins were electrophoresed by 12% SDS‑PAGE, transferred 
to polyvinylidene difluoride (PVDF) membranes, and blocked 
with TBST containing 10% (w/v) nonfat milk at 37˚C for 1 h. 
The membranes were incubated with primary antibodies at 
4˚C overnight and then with the secondary antibody (dilu-
tion 1:5,000, cat. no. ab6721, ab205719; Abcam) at RT for 
2 h. After washing, the membranes were reacted with chemi-
luminescent reagents, and proteins were visualized with the 
ChemiDoc™ Touch Imaging System and analyzed by Image 
Lab software (Bio‑Rad Laboratories, Inc.).

The dilution ratios and manufacturers' information 
for the primary antibodies are as follows: Anti‑APE1 
(mouse monoclonal, cat. no. 17774, dilution 1:5,000; Santa 
Cruz Biotechnology, Inc.); anti‑ku80 (rabbit monoclonal, 
cat.  no.  ab80592, dilution 1:3,000; Abcam); anti‑tubulin 
(rabbit monoclonal, cat.  no.  2128, dilution 1:1,000; Cell 
Signaling Technology, Inc.); anti‑COX IV (rabbit monoclonal, 
cat. no. 4850, dilution 1:3,000; Cell Signaling Technology, 
Inc.); anti‑p‑Rac 1, (rabbit monoclonal, cat. no. 2461, dilution 
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1:1,000; Cell Signaling Technology, Inc.); anti‑Rac 1 (rabbit 
polyclonal, cat.  no.  4651, dilution 1:1,000; Cell Signaling 
Technology, Inc.); anti‑γ‑H2AX (rabbit monoclonal, 
cat. no. 9718, dilution 1:1,000; Cell Signaling Technology, Inc.) 
and anti‑cleaved PARP (rabbit monoclonal, cat. no. ab32064, 
dilution 1:1,000; Abcam). Anti‑β‑tubulin antibody was used as 
a general or cytoplasmic fraction loading control. Anti‑COX 
IV antibody and anti‑ku80 antibody were used as mitochon-
drial and nuclear fraction loading control, respectively.

Immunohistochemistry (IHC) analysis. IHC was performed as 
described previously (18). Briefly, after deparaffinization and 
blocking, sections were incubated with primary antibodies 
at 4˚C overnight. After washing with PBS, the sections were 
incubated with a secondary antibody for 1 h at RT. Then, 
3,3'‑diaminobenzidine (DAB) substrate was used to develop 
color, and hematoxylin was used for counterstaining. The 
primary antibodies were anti‑APE1 (mouse monoclonal, 
cat. no. 17774, dilution 1:500; Santa Cruz Biotechnology, Inc.) 
and anti‑γ‑H2AX (rabbit monoclonal, cat. no. 9718, dilution 
1:50; Cell Signaling Technology, Inc.).

ROS production measurement. ROS production was measured 
using a reactive oxygen species assay kit (DCFH‑DA, 
S0033; Beyotime Institute of Biotechnology or DHE, Beibo 
Biotechnology, Shanghai, China) according to the manufac-
turer's instructions. Briefly, osteosarcoma cells were plated 
in 6‑well plates and then treated with the indicated DMSO, 
cisplatin, and H2O2. After incubation at 37˚C for the indicated 
time, the old culture medium was removed, and 1:1,000 (v/v) 
DCFH‑DA/DHE in serum‑free medium was added, followed 
by incubation for another 30 min at 37˚C. After washing three 
times with PBS, the cells were collected and immediately 
analyzed by flow cytometry.

Apoptosis analysis. Osteosarcoma cells were plated in 6‑well 
plates and then treated with the indicated concentration of 
cisplatin for 48 h in 5% CO2 at 37˚C. A solution of FITC 
Annexin V and propidium iodide (PI) (BD Biosciences) was 
added to the cultures, which were incubated for 15 min at RT. 
Then, the cells were collected and immediately analyzed by 
flow cytometry.

Statistical analysis. Statistical analysis was performed with 
SPSS 20.0 (IBM Corp.) and GraphPad Prism 5.0 software 
(GraphPad Software, Inc.). Statistical tests included indepen-
dent samples t‑test. and one‑way ANOVA (Tukey) test. P<0.05 
was considered statistically significant.

Results

APE1 alteration in cisplatin‑resistant osteosarcoma cells. As 
a critical factor mediating cancers, the expression and localiza-
tion of APE1 have an intimate connection with chemotherapy 
resistance. Based on the moderate APE1 expression and 
medium sensitivity to cisplatin (Fig. S1A and B), U2OS cells 
were chosen as the parent to construct a cisplatin‑resistant 
osteosarcoma cell line named U2OS(R) through a dose esca-
lation method. CCK‑8 and apoptosis data demonstrated that 
the cisplatin‑resistant osteosarcoma cell line were successfully 

established (Fig. 1A‑C). The cisplatin half maximal inhibitory 
concentration (IC50) of U2OS(R) cells was approximately 
3‑fold higher than that of the parental cells (8.16 µg/ml vs. 
2.57 µg/ml). To further test the connection between APE1 
expression and cisplatin resistance, western blotting showed 
the elevated total APE1 (tAPE1) levels in U2OS(R) cells. 
These results suggest that APE1 expression may increase with 
cisplatin resistance in osteosarcoma cells.

APE1 translocates to mitochondria in cisplatin‑resistant 
osteosarcoma cells. To test our hypothesis that APE1 mito-
chondrial transport could induce cisplatin resistance, we next 
assessed whether mitochondrial APE1 expression was altered 
in parental cells following cisplatin treatment by western blot 
and immunofluorescence assays. The results showed that the 
mtAPE1 level was upregulated after cisplatin treatment in a 
time‑ and dose‑dependent manner (Fig. 2A). Consistent with 
the western blot results, the immunofluorescence assay showed 
an enhanced mitochondrial APE1 (mtAPE1) signal after cispl-
atin treatment (Fig. 2B). These results indicated that mtAPE1 
may play a protective role in cisplatin resistance. To further 
confirm the effect of mtAPE1 and explore the APE1 expression 
differences in U2OS and U2OS(R) cells, purified nuclear, cyto-
plasmic, and mitochondrial extracts were prepared for western 
blotting. The results showed that APE1 was mainly located 
in the nucleus in both cell lines. Elevated mtAPE1 and cyto-
plasmic APE1 (cAPE1) levels were observed in the U2OS(R) 
cells. Interestingly, a slight decrease in nuclear APE1 (nAPE1) 
expression was observed in the U2OS(R) cells, which indicated 
that APE1 translocated from the nucleus to mitochondria and 
was overexpressed in U2OS(R) cells. Mitochondrial APE1 may 
play a crucial role in cisplatin resistance, more so than nuclear 
APE1 (Fig. 2C). To further confirm the results, an immuno-
fluorescence assay was used to trace the distribution of the 
APE1 protein. Nuclear and nuclear/cytoplasmic APE1 staining 
was observed in both U2OS and U2OS(R) cells. Notably, the 
mtAPE1 signal in U2OS(R) cells was much stronger than 
that in U2OS cells (Fig. 2D). Taken together with the findings 
shown in Figs. 1 and 2, these results suggest that high APE1 
expression and mtAPE1 are involved in the cisplatin resistance 
of osteosarcoma cells, especially the increased mitochondrial 
APE1 expression.

APE1 knockdown restores the response to cisplatin in 
cisplatin‑resistant osteosarcoma cells. To further test the 
correlation between APE1 expression and cisplatin resistance, 
we examined whether knockdown of APE1 could promote 
cisplatin‑induced apoptosis. In this study, we chosen the 
shAPE1 vector carrying the human APE1 siRNA sequence, 
which was designed and validated in previous studies (23‑26). 
We chose the interference sequence that worked best in 
this research. Apoptosis was measured by cleaved PARP 
and γ‑H2AX. Western blot analysis showed that the APE1 
levels were decreased in U2OS, U2OS(R) and SAOS2 cells. 
Apoptosis with more DNA damage was observed after 
cisplatin treatment in the APE1‑deficient cells. Due to its 
base repair function, high expression of APE1 could protect 
cells from cisplatin by reducing DNA damage (Fig.  3A). 
Furthermore, immunofluorescence also showed slight APE1 
staining in both APE1‑knockdown U2OS and U2OS(R) cells 



LIU et al:  MITOCHONDRIAL APE1 PROMOTES CISPLATIN RESISTANCE502

(Fig. 3B). Interestingly, a small amount of cytoplasmic APE1 
was observed in the U2OS(R) cells, in contrast to the predomi-
nantly nuclear APE1 in U2OS cells. The CCK‑8 assay was 
used to test whether APE1 knockdown could promote cispl-
atin‑induced apoptosis (Fig. 3C). We found that knockdown of 
APE1 restored the response to cisplatin in the U2OS, U2OS(R) 
and SAOS2 cells, especially in cisplatin‑resistant cells. The 
IC50 value of U2OS(R) siAPE1 was still higher than that of 
U2OS (3.37 µg/ml vs. 1.14 µg/ml), which may have contributed 
to the remaining cytoplasmic APE1. Taken together with the 
findings above, these results strongly indicate that elevated 
APE1 expression, especially that in the mitochondria, plays a 
key role in protecting cells from cisplatin‑induced apoptosis. 
Furthermore, these results suggest that APE1 downregulation 
is an effective approach to restore sensitivity to cisplatin in 
cisplatin‑resistant osteosarcoma cells.

Mitochondrial APE1 overexpression enhances cisplatin 
resistance in parental cells. To further clarify the effect of 
mitochondrial APE1 on cisplatin resistance, we constructed an 
mtAPE1 overexpression model using a mitochondrial‑targeted 

truncated APE1 vector transfected into U2OS and SAOS2 
cells. Western blotting was used to detect mtAPE1 and 
nAPE1 levels with or without cisplatin treatment (Fig. 4A). 
Interestingly, mtAPE1 expression increased after cisplatin 
treatment, especially in the mtAPE1‑transfected groups, 
while nAPE1 expression decreased. These results suggest that 
mitochondrial APE1 plays a protective role in the response to 
cisplatin. Immunofluorescence assays showed strong staining 
of mitochondrial APE1 in the mtAPE1‑transfected groups 
compared to the control group (Fig. 4B). These results indicated 
that we successfully constructed mitochondrial overexpression 
groups. The CCK‑8 assay was used to test the protective effects 
after cisplatin treatment (Fig. 4C). We found that overexpres-
sion of mtAPE1 could reduce apoptosis induced by cisplatin in 
U2OS and SAOS2 cells, and the effect was comparable to that 
in U2OS(R) cells. These results strongly indicated that APE1 
mitochondrial transport and overexpression play crucial roles 
in the resistance of osteosarcoma cells to cisplatin.

Mitochondrial APE1 overexpression enhances cisplatin resis‑
tance by inhibiting ROS production. To test our hypothesis 

Figure 1. APE1 alteration in cisplatin‑resistant osteosarcoma cells. (A) The CCK‑8 assay shows successful establishment of U2OS(R) cells. The cells were 
treated with different concentrations of cisplatin for 48 h, and the IC50 of each cell line was then determined using SPSS software. (B) U2OS and U2OS(R) 
cells were treated with or without 20 µM cisplatin for 48 h and then collected and subjected to flow cytometry. (C) Apoptosis data were processed by GraphPad 
Prism 6 software. (D) Western blot analysis shows APE1 expression changes in U2OS(R) cells. Anti‑β‑tubulin antibody was used as loading control. *P<0.05, 
statistically significant from the untreated control. CDDP, cisplatin; APE1, apurinic/apyrimidinic endonuclease 1; IC50, half maximal inhibitory concentration.
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that high expression of mtAPE1 downregulates ROS levels 
and further promotes drug resistance in osteosarcoma 
chemotherapy, we investigated the effect of cell models on 

cisplatin‑ or oxidative agent‑induced apoptosis and ROS 
production. The U2OS, U2OS(R), APE1‑deficient (shAPE1) 
and mtAPE1‑transfected groups were treated with DMSO, 

Figure 2. APE1 translocates to the mitochondria in cisplatin‑resistant osteosarcoma cells. (A) U2OS cells were treated with 10 µM cisplatin (CDDP) for 0, 
24, 48 or 72 h or treated with CDDP at 0, 5, 10 or 20 µM for 24 h. Then, purified mitochondrial proteins were prepared and subjected to western blotting 
with anti‑APE1 antibody. Anti‑β‑tubulin antibody, anti‑COX IV antibody and anti‑KU80 antibody were used as cytoplasmic, mitochondrial and nuclear 
fraction loading control, respectively. (B) After the same treatment as that described in A, the cellular distribution of APE1 in U2OS cells was detected by 
immunofluorescence assay. FITC‑conjugated (green), MitoTracker (red), and DAPI (blue) antibodies were used to visualize APE1, mitochondria, and nuclei, 
respectively. The mitochondrial APE1 is shown as yellow‑orange. (C) Purified nuclear (nAPE1), cytoplasmic (cAPE1), and mitochondrial (mtAPE1) proteins 
of U2OS and U2OS(R) cells were prepared and subjected to western blot analysis. Anti‑KU80, β‑tubulin and COXIV represent the nucleus, cytoplasm, and 
mitochondria, respectively. (D) The cellular distribution of APE1 in U2OS and U2OS(R) cells was determined by the immunofluorescence assay. APE1, 
apurinic/apyrimidinic endonuclease 1. 

Figure 3. APE1 knockdown restores the response to cisplatin in cisplatin‑resistant osteosarcoma cells. (A) After shAPE1 lentiviral infection in U2OS, U2OS(R), 
and SAOS2 cells, the cells were treated with or without 10 µM cisplatin (CDDP) for 24 h and then subjected to western blot analysis with an APE1 antibody, 
cleaved PARP antibody, and γ‑H2AX antibody. Anti‑β‑tubulin antibody was used as loading control. (B) The expression and distribution of APE1 in U2OS and 
U2OS(R) cells was detected by an immunofluorescence assay and observed under a laser confocal microscope. A DAPI (blue) antibody and FITC‑conjugated 
(green) antibody were used to visualize the APE1 protein. (C) The CCK‑8 assay was used to assess cisplatin cytotoxicity after knockdown of APE1 (shAPE1) 
in U2OS, U2OS(R) and SAOS2 cells. The cell lines were treated with different concentrations of cisplatin for 48 h, and the IC50 of each cell line was then 
determined using SPSS software. *P<0.05, statistically significant from the vector alone transfected control. IC50, half maximal inhibitory concentration; APE1, 
apurinic/apyrimidinic endonuclease 1.
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cisplatin, or hydrogen peroxide, and ROS production was 
measured and analyzed by flow cytometry (Fig. 5A). ROS 
production was significantly high in cisplatin‑sensitive 
osteosarcoma cells but not in cisplatin‑resistant osteosar-
coma cells. Conversely, ROS overproduction was found in 
APE1‑deficient models in both U2OS and U2OS(R) cells. 
mtAPE1 overexpression significantly inhibited ROS produc-
tion. These results indicated that cisplatin could induce the 
overproduction of ROS in cisplatin‑sensitive osteosarcoma 
cells and that targeted APE1 could induce ROS production 
in cisplatin‑resistant osteosarcoma cells. Studies have shown 
that p‑Rac1 can promote ROS production, and we next tested 
whether p‑Rac1 plays a key role in cisplatin‑induced ROS 
production in osteosarcoma. Apoptosis was also measured by 
cleaved PARP. p‑Rac1 expression was lower in the U2OS(R) 
and U2OSmtAPE1 cells than in the other cell lines. We also 
found that shAPE1 did not work effectively in the U2O2(R) 
cell line, and due to the insufficient APE1 knockdown level 
in U2O2(R), the increase of cleaved PARP was not obvious. 
In contrast, the knockdown level of U2OS reached a certain 
level, and the expression of cleaved PARP could be obviously 
increased (Fig. 5B). As shown in Fig. 5B and C, cisplatin 
induced the production of p‑Rac1 and cleaved PARP, the 
levels of which were higher in APE1‑deficient cells than in 
mtAPE1‑transfected cells. The results indicated that mtAPE1 
overexpression could downregulate ROS production by 
decreasing p‑Rac1 and reducing apoptosis after oxidative 
agent treatment in osteosarcoma cells. Conversely, knockdown 

of APE1 could result in the overproduction of ROS, further 
promoting cisplatin‑induced cell apoptosis.

We next tested whether ROS overproduction was due to 
cisplatin‑induced apoptosis by measuring cleaved PARP and 
γ‑H2AX. N‑Acetyl cysteine (NAC) is an antioxidant that can 
partially remove the ROS production induced by cisplatin or 
hydrogen peroxide in osteosarcoma cells, which was confirmed 
by the results shown in Fig. 5D. Consistently, NAC markedly 
reduced the apoptosis induced by cisplatin in APE1‑deficient 
cells, which were originally sensitive to cisplatin, and the same 
protection was found in other osteosarcoma cells (Fig. 5E). 
Together, these results showed that high mtAPE1 expression 
could downregulate ROS production by decreasing p‑Rac1 
expression and reducing DNA damage, which protects cells 
from cisplatin‑induced apoptosis, further promoting drug 
resistance in osteosarcoma chemotherapy.

APE1 correlates with cisplatin resistance in clinical samples. 
To investigate the association between APE1 expression and 
cisplatin resistance, 7 osteosarcoma tissues were obtained, 
and APE1 expression was confirmed by western blot analysis. 
Varied levels of APE1 were observed in all tissues. As an 
alkylating agent, cisplatin, which has tumor cytotoxicity, 
induced DNA strand damage and rapid phosphorylation of the 
nucleosomal histone protein H2AX at Ser 139. A significant 
increase in APE1 expression was possibly associated with 
reduced or loss of γ‑H2AX expression, which may have 
contributed to the DNA repair activity of APE1 (Fig. 6A). 

Figure 4. Mitochondrial APE1 overexpression enhances cisplatin resistance in parental cells. (A) After mitochondrial APE1 (mtAPE1) vector transfection in 
U2OS and SAOS2 cells, the cells were treated with or without 10 µM cisplatin (CDDP) for 24 h. Then, western blot analysis was used to assess mtAPE1 and 
nuclear APE1 (nAPE1) levels. Anti‑COX IV antibody and anti‑KU80 antibody were used as mitochondrial and nuclear fraction loading control, respectively. 
(B) The expression and distribution of APE1 in U2OSscr and U2OSmtAPE1 cells was detected by immunofluorescence assays and observed under a laser 
confocal microscope. MitoTracker (red) and APE1 (blue) antibodies were used to visualize mitochondria and the APE1 protein, respectively. The localization 
of APE1 in mitochondria is shown in purple. (C) The CCK‑8 assay was used to assess cisplatin cytotoxicity after mitochondrial APE1 overexpression in U2OS 
and SAOS2 cells. *P<0.05, statistically significant from the vector alone transfected control. APE1, apurinic/apyrimidinic endonuclease 1.
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Figure 5. Mitochondrial APE1 (mtAPE1) overexpression enhances cisplatin resistance by inhibiting ROS production. (A) U2OSscr cells, U2OS(R)scr cells, 
and APE1‑deficient cells (U2OSshAPE1; U2OS(R)shAPE1) were treated with DMSO, cisplatin (5 mg/ml), or hydrogen peroxide (H2O2) (100 µM) for 6 h; 
U2OS and mtAPE1‑transfected cells (U2OSmtAPE1) were treated with DMSO, cisplatin (CDDP) (1 mg/ml), or H2O2 (20 µM) for 24 h, and ROS production 
was then measured and analyzed by flow cytometry. (B) Western blot analysis of the cell lines was performed with an APE1 antibody, Rac1 antibody, p‑Rac1 
antibody, and cleaved PARP antibody. Anti‑β‑tubulin antibody was used as loading control. (C) Western blot analysis of U2OSmtAPE1 and SAOS2mtAPE1 
cells treated with or without 10 µM CDDP for 24 h was performed with an APE1 antibody, Rac1 antibody, p‑Rac1 antibody, and cleaved PARP antibody. 
Anti‑β‑tubulin antibody was used as loading control. (D) U2OSscr, U2OS(R)scr, U2OSshAPE1, U2OS(R)shAPE1, and U2OSmtAPE1 cells were treated with 
DMEM, cisplatin (1 mg/ml), or H2O2 (20 µM) with or without 5 mM N‑acetyl cysteine (NAC) for 24 h, and ROS production was then measured and analyzed 
by flow cytometry. (E) After treatment as described in D, the cells were prepared and subjected to western blot analysis with an APE1 antibody, cleaved PARP 
antibody, and γ‑H2AX antibody and probed with a β‑tubulin antibody as a loading control. *P<0.05, statistically significant from the vector alone transfected 
control; **P<0.05, statistically significant from the untreated control. APE1, apurinic/apyrimidinic endonuclease 1; ROS, reactive oxygen species; Rac1, 
Ras‑related C3 botulinum toxin substrate 1; p‑, phosphorylated; PARP, poly ADP ribose polymerase. 
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Then, we further examined the connection between APE1 and 
γ‑H2AX in these 7 tumor tissues by immunohistochemistry, 
revealing that APE1 was mostly negatively correlated with 
γ‑H2AX (Fig. 6B). As shown in the clinical data (Table I), 
osteosarcoma patients with high expression of APE1 exhibited 
a poor prognosis and were more prone to cisplatin resistance. 
These results indicated that high APE1 expression is associ-
ated with a poor prognosis for patients with osteosarcoma 
patients and with resistance to cisplatin.

Discussion

In the present study, we tested our hypothesis that high expres-
sion of mitochondrial APE1 (mtAPE1) downregulates reactive 
oxygen species (ROS) levels to further promote cisplatin resis-
tance in osteosarcoma. First, we demonstrated that mtAPE1 
expression plays a protective role in cisplatin‑resistant osteo-
sarcoma cells, which could be reversed by APE1 deficiency. 
Next, through mitochondrial‑targeted APE1 expression 
vectors, we explored the mechanism by which mtAPE1 
protects osteosarcoma cells from cisplatin‑induced apoptosis 
and found that mtAPE1 could enhance osteosarcoma cell 
survival after cisplatin treatment by modulating p‑Rac1 and 
then further suppressing intracellular ROS production.

In previous studies, high APE1 expression was associated 
with chemotherapy resistance in many tumors (13‑15), and this 
resistance could be overcome by the knockdown of APE1. We 

further found that cisplatin induced APE1 cytoplasmic trans-
port, which increased with chemotherapy resistance in both 
osteosarcoma cells and clinical samples. In the present study, 
mtAPE1 expression increased after cisplatin treatment in a 
time‑ and dose‑dependent manner, and the resistance of osteo-
sarcoma cells to cisplatin was mainly due to mtAPE1 in the 
cytoplasm. Barchiesi et al demonstrated that Mia40 is respon-
sible for the trafficking of APE1 into the mitochondria (27). 
We also found that APE1‑deficient osteosarcoma cells could 
promote apoptosis by increasing ROS generation after cispl-
atin or oxidant agent treatment, and these results were similar 
to those of previous studies. Vascotto et al found that some 
redox signaling genes were downregulated in APE1‑deficient 
HeLa cells by a global gene expression assay (28), and this 
phenomenon may be responsible for the increase in cellular 
ROS levels in APE1‑deficient cells.

The cytotoxicity of cisplatin results in apoptosis via 
exogenous (death receptor) and endogenous (mitochondrial) 
pathways, and ROS play a role in both. By causing oxida-
tive damage to nucleic acids, proteins, and lipids, ROS can 
cause apoptosis or even necrosis. Oxidative DNA damage 
gives rise to genetic mutations related to tumorigenesis and 
various pathological conditions. As an essential enzyme in 
the DNA base excision repair (BER) pathway, APE1 plays 
a key regulatory role in ROS‑induced DNA damage (9). In 
this study, we showed that γ‑H2AX expression was high 
in the APE1‑deficient groups with higher ROS production 

Figure 6. APE1 correlates with cisplatin resistance in clinical samples. (A) Western blot analysis was used to analyze APE1 and γ‑H2AX protein expression in 
7 undifferentiated osteosarcoma tissues (1‑7). Anti‑β‑tubulin antibody was used as loading control. (B) Immunohistochemistry analysis of APE1 and γ‑H2AX 
in osteosarcoma cells. APE1 was mainly localized in the nucleus and cytoplasm, and γ‑H2AX was localized in the nucleus. APE1, apurinic/apyrimidinic 
endonuclease 1.

Table I. Correlation of APE1 and objective response rate of combination therapy of platinum in osteosarcoma patients.

APE1 expression (patient numbers)	 PR/CR	 PD

Overexpression (4,6,7)	 0	 3
Low expression (1,2,3,5)	 3	 1

APE1, apurinic/apyrimidinic endonuclease 1; PR, partial response; CR, complete response; PD, progressive disease.
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but not in the mtAPE1‑transfected or cisplatin‑resistant 
groups with lower ROS levels after cisplatin treatment. 
These results indicated that ROS overproduction contrib-
uted to cisplatin‑induced apoptosis in osteosarcoma cells 
and that mtAPE1 could protect osteosarcoma cells from 
cisplatin‑induced DNA damage and apoptosis by decreasing 
ROS production.

We further demonstrated that overexpression of mtAPE1 
could downregulate ROS production via Rac1 phosphoryla-
tion and further promote drug resistance in osteosarcoma 
chemotherapy, which further elucidates the mechanism by 
which APE1 regulates ROS. Many studies have shown that the 
main sources of cellular ROS are mitochondria and NADPH 
oxidases (6,29). Oxidative stimulation could cause the stimu-
lation of Rac1 to regulate the production of ROS in various 
cell types. Among these is the NADPH oxidase regulated by 
the ubiquitous small GTPase Rac1 (30‑34). Angkeow et al 
confirmed that cytoplasmic APE1 could regulate p‑Rac1 and 
ROS production to protect endothelial cells from oxidative 
stress and apoptosis (10). den Hartog et al found that over-
expression of APE1 could inhibit p‑Rac1 upon reduced ROS 
generation (9). In addition to the NADPH oxidase complex, the 
electron transport chain (ETC) is another important cellular 
source of ROS (35). APE1 regulates the mitochondrial‑associ-
ated nuclear transcription factors NRF‑1 and TFAM through 
its redox activity, thus mediating ROS production after oxida-
tive stress (22). These data suggest that APE1 in mitochondria 
plays a crucial role in regulating ROS production. Although 
our research confirmed that APE1 could regulate ROS expres-
sion through phosphorylation of Rac1, it did not directly detect 
the NADPH activity in response to oxidative stimulation 
during this process. We did not directly determine the effect 
of NADPH on ROS in response to oxidative stimulation. This 
is the limitation of our research, and we will investigate this 
phenomenon in the future.

The mitochondrial‑associated apoptosis pathway is another 
mechanism of cisplatin cytotoxicity, and mitochondrial 
function and mtDNA play vital roles in the action of cispl-
atin (21,36). The protective effect of APE1 in mitochondria 
may contribute to cisplatin resistance in osteosarcoma (37‑39). 
As Joo et al confirmed, mtAPE1 can stabilize mitochondrial 
function and protect mouse endothelial cells from protein 
kinase C (40). Li et al found that the mitochondrial transport 
of APE1 could suppress photodynamic‑induced mitochondrial 
dysfunction and protect cells (21). In the present study, we 
found that mtAPE1 expression was increased and protected 
osteosarcoma cells from cisplatin‑induced apoptosis by 
decreasing ROS production. In addition to our research, 
mitochondrial function and mtDNA may also participate in 
cisplatin resistance in osteosarcoma (41,42).

Taken together, our results demonstrated that mitochondrial 
APE1 plays a crucial role in cisplatin resistance by suppressing 
ROS generation to further enhance cell survival and that APE1 
deficiency could restore the sensitivity of osteosarcoma cells 
to cisplatin via inducing ROS overproduction. Considering 
the important role of ROS in chemoresistance, increasing 
ROS levels could be a novel strategy for overcoming cisplatin 
resistance in osteosarcoma, which could substantially advance 
efforts to improve the clinical outcomes of osteosarcoma 
treatment.
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